The liquid-solid interface is a unique medium to support the self-assembly of molecules into surfaceconfined networks. Non-covalent interactions are key in forming these two-dimensional (2D) architectures, and a deep understanding is crucial for successful 2D crystal engineering. Scanning tunnelling microscopy is the tool of choice to reveal the structure and function of these patterns with subnanometre resolution. A recent success is the formation of 2D nanoporous molecular patterns and their host-guest chemistry. However, this is not the only functionality addressed by this review. Surface-confined molecular architectures at the liquid-solid interface are also relevant in the field of molecular electronics. Furthermore, inducing and probing chemical reactivity at the single-molecule level at the liquid-solid interface might turn out to be one of the most exciting developments.
Introduction
Monolayers at liquid-solid interfaces play a very important role in a number of industrially relevant processes (e.g. lubrication) and are of intense academic interest, not least because of the possibilities in nanostructuring and functionalising surfaces. The structure and dynamics of such monolayers can be followed with a variety of tools such as neutron diffraction and incoherent neutron scattering. 1 The invention of scanning probe microscopes has literally opened our eyes and revealed in real space the often complex structure and dynamics of molecular patterns. In particular, scanning tunnelling microscopy (STM) has proven to be an excellent tool for probing these molecular layers in detail. 2 In this review, we will not deal with the immensely popular class of self-assembled monolayers of, for instance, alkyl thiols on gold. 3 The molecular systems discussed here are only weakly physisorbed at the liquid-solid interface. 4 In addition to important enthalpic contributions (molecule-molecule and moleculesubstrate interactions), the self-assembly of rather rigid solutes at the liquid-solid interface displacing small physisorbed solvent molecules is entropically favoured. The substrate is typically highly oriented pyrolytic graphite (HOPG) or Au(111). These atomically flat conductive surfaces are ideal for revealing molecular layer structure and properties by STM. Often only monolayers (e.g. not clusters or multilayers) are revealed. Successful STM imaging with submolecular resolution requires molecules to remain laterally immobilised during the time it takes the STM tip to scan the area (from several seconds to several
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Hans Elemans completed his Ph.D. in 2001 with Roeland Nolte at the Radboud University Nijmegen (The Netherlands), where he then started investigating the self-organisation and reactivity of molecules at solid/ liquid interfaces with STM. For this work he was awarded 'Veni' and 'Vidi' innovative research grants in 2004 and 2008. In 2008 he moved for one year to the group of Prof. Steven De Feyter at K.U.Leuven (Belgium) to work on various aspects of scanning probe microscopy. His scientific interests are at the interface of chemistry and physics, in particular in the areas of catalysis and self-assembled architectures. minutes). Under physisorption conditions, at room temperature, most low-molecular weight molecules are too mobile to be visualised at the liquid-solid interface, except if they are trapped in or are part of a two-dimensional (crystalline) matrix. Multilayers are also observed less frequently than monolayers. Due to the exponential distance dependence of the tunnelling current, the distance between the tip and substrate is very small (on the order of a few Å ngstroms only). Given that subsequent molecular layers are often less stable or less ordered, they are easily 'removed' by the STM tip revealing only the first adsorbed layer.
The vast majority of these studies deal with the structural aspects of these monolayers, which one could call two-dimensional (2D) crystal engineering. 5 Though such studies are absolutely necessary as they bring insight in the complexity of the interplay between molecules, substrate and solvent (Scheme 1), the next most important level is functionality. 6 Key challenges are the identification of possible functionalities and the design and construction of these functional surfaces, based upon the self-assembly of weakly adsorbed molecules. This is what this review is about: structure and function at the liquid-solid interface, focussing on supramolecular host-guest networks and dynamics; and molecular electronics and reactivity, monitored or even induced by STM.
Non-covalent interactions between molecules at liquid-solid interfaces
In analogy to the situation in 3D crystals, the ordering of molecules within a 2D crystalline layer at a liquid-solid interface is generally governed by non-covalent interactions. Amongst those, hydrogen bonding and metal-ligand coordination are frequently encountered motifs that determine the self-assembly of molecules, because they are relatively strong and highly directional. The role that hydrogen bonding can play in 2D crystallisation processes is perfectly illustrated by the behaviour of phthalic acid derivatives. 7 These simple molecules consist of a benzene ring to which two carboxylic acid groups are attached. In the case of 1,2-benzenedicarboxylic acid (phthalic acid), no monolayers are formed at the liquid-solid interface because, due to steric hindrance, the carboxylic acid groups are not coplanar and therefore the molecule is not flat. In addition, it is conceptually impossible for this molecule to form extended arrays based upon hydrogen bonding. However, the 1,3-isomer (isophthalic acid, ISA) and the 1,4-isomer (terephthalic acid, TTA) form densely packed monolayers with a structure dominated by hydrogen bonding interactions. Encoded by their substitution pattern, TTA self-assembles into linear arrays, while ISA is organised in zig-zag patterns ( Fig. 1 ).
In the case of metal-ligand coordination, transition metal centres are used to connect two or more organic ligands by means of highly specific and directional interactions. By making use of a library of available metal-ligand combinations, many parameters of the resulting architectures, such as binding stoichiometry, angle, strength, and reversibility, can be controlled and predicted. Most 2D metal-ligand arrays at a surface have been constructed under ultrahigh vacuum (UHV) conditions. 8 However, examples of such arrays at a liquid-solid interface, Scheme 1 The outcome of the molecular self-assembly process at a liquid-solid interface is the result of a complex interplay between molecule-molecule (''molecules 2 ''), molecule-solvent, moleculesubstrate, and solvent-substrate interactions. such as metal-ligand polymers 9 or 2D grids, 10-12 are still rather scarce. As a recent example we highlight the use of molecular tectonics to create coordination networks that form 1D and 2D arrays on graphite. 9 When organic tectons containing one monodentate and one tridentate coordination pole were combined with either a neutral octahedral CoCl 2 complex or a dicationic square planar Pd II species, straight 1D coordination polymers were formed, which in the case of the latter extend to regular 2D lattices (Fig. 2) .
In addition to the strongly directional supramolecular interactions mentioned above, less predictable interactions between molecules, such as dipole-dipole and Van der Waals interactions, can also play a decisive role in the outcome of a 2D self-assembly process. In particular alkyl chain interdigitation is one of the most commonly encountered motifs within organised selfassembled monolayers of organic molecules on a surface. Interactions between alkyl chains have proven to be extremely important for stabilising monolayers in a 2D lattice, not only by means of their interdigitation, but also by their Van der Waals interactions with the surface that runs parallel to them. Because of a high degree of structural matching, graphite surfaces in particular interact strongly with alkyl chains (see Section 1.3), and the strength of the molecule-substrate interactions can generally be controlled by varying their length.
Influence of the solvent
When molecules are adsorbed at a liquid-solid interface, in addition to molecule-molecule and molecule-substrate interactions, the solvent can also play an important role. So far this aspect of 2D self-assembly has been largely neglected, and insight into the role of the solvent is still in its infancy. In the case of most STM studies a solvent is chosen for practical reasons: it should dissolve the molecules; it should have a low vapour pressure in order to prevent too rapid evaporation; it should be chemically inert; it should have a low polarity and it should have a low affinity for self-adsorption. The most commonly used solvents in STM studies and some of their physical properties are summarised in Table 1 . However, several studies have demonstrated that the solvent is not always an innocent factor when molecular assemblies are formed at a liquid-solid interface. The most dramatic effect a solvent can have is that it co-adsorbs with solute molecules into a multicomponent monolayer. In most of the reported cases, such a co-adsorption was a matter of serendipity, but in hindsight the participation of solvent molecules in the assembly could be easily rationalised. 13, 14 In other cases, the influence of the solvent is less straightforward. A recently reported example concerns the formation of porous structures based on the self-assembly of trimesic acid (TMA) molecules at the interface of graphite and a variety of solvents. 15 As a result of the planar structure of the molecule and the positioning of the trigonal exodentate functional groups, a so-called 'honeycomb' network with pores of $1.1 nm is frequently formed on the surface (Fig. 3A) . Each of the pores is surrounded by six TMA molecules, which are all connected by double hydrogen bonding interactions between the carboxylic acids ( Fig. 3C ). However, this is only one of the possible polymorphs that are observed. Another, more tightly packed polymorph reveals a flower-like motif where, in addition to carboxylic acid dimers, carboxylic acid trimers are also observed ( Fig. 3B and D) .
By using a homologous series of alkanoic acids as solvents, ranging from butyric to nonanoic, the self-assembly of the molecules into either the flower-like or the honeycomb polymorph could be controlled. Two possible mechanisms for the observed solvent-induced polymorphism were proposed: (i) stabilisation of a specific precursor seeds by a particular solvent already in solution, and (ii) solvent co-adsorption and/or stabilisation of the polymorphs on the surface itself. The first proposed mechanism concerns the hydrogen bonding interactions between the carboxylic acid functionalities within the two polymorphs. In the case of the honeycomb structure, hydrogenbonded carboxylic acid dimers are the exclusively occurring motifs, while in the more closely packed flower-like structure trimers are also present. The solvents with shorter alkyl chains were proposed to favour the formation of trimer precursors, whereas the solvents with longer alkyl chains would favour dimers. Although there was no direct evidence found for the presence of these precursors, it was suggested that viscosity is one of the factors that influences the equilibrium between TMA dimers and trimers. Regarding the second proposed mechanism, it was rationalised that the small voids present in the flower-like structure would be filled and stabilised by the smaller solvent molecules. Similar solvent effects were observed for surface networks formed by the related molecule benzene-1,3,5-tribenzoic acid. 16 It is clear that although some solvent-dependent aspects have been revealed, more systematic studies, supported by molecular modelling, would be invaluable in order to gain more insight into the powerful, but currently unclear role, which a solvent can play in directing or stabilising monolayers at liquid-solid interfaces.
Influence of the substrate
Over the years, the favoured substrate of choice to study physisorbed monolayers with STM has been highly oriented pyrolytic graphite (HOPG), because it is inert, easy to clean, and very stable under ambient conditions. However, recently the use of other flat, conductive surfaces is also gaining interest, and substrates like MoS 2 , MoSe 2 17 and Au(111) have proven to be very suitable for STM studies at liquid-solid interfaces. More than a decade ago these surfaces were already being used to investigate the substrate-dependent pattern formation of liquidcrystalline materials, but more recently they have been used to study in detail the ordering of physisorbed monolayers of linear alkanes and alcohols. On MoS 2 the substrate-alkane interaction is very weak and only tilted lamellae of alkanes are detected, 18 but on Au(111) alkanes and alcohols form highly ordered rows. 19 Whereas on graphite alkane molecules self-assemble into similar arrays, there exists a remarkable difference between the two surfaces with respect to substrate-molecule interactions. On graphite, the rows of alkanes with odd or even numbers of carbon atoms always form an angle with the molecular axis of the surface of 90 , while on Au(111) there is a clear odd-even effect: for odd alkanes the angle is 90 , while for even alkanes it is 60 (chain lengths <17). 20, 21 This difference has been attributed to a difference in commensurability of the alkane lattice with the two substrates. The length of the C-C-C zigzag (2.54 Å ) is close to the atomic spacing of HOPG (the distance between two adjacent hexagons in the graphite lattice is 2.46 Å ), while the nearest neighbouring atoms at the Au(111) surface are 2.88 Å apart. Clearly, the substrate plays an often crucial role in directing the self-assembly, even for weakly adsorbed molecules. This is a curse and blessing at the same time. Compared to supramolecular chemistry in solution, it adds to the complexity of the self-assembly process. However, one can take advantage of the differences between substrates in fine-tuning the substrate templating effect for 2D assembly.
Host-guest chemistry at liquid-solid interfaces
Mastering the complex interplay between molecule-molecule, molecule-substrate, molecule-solvent and solvent-substrate interactions opens an enormous opportunity to form structural patterns of high complexity and functionality. A recent exciting development is the focus on multicomponent systems, especially those that involve host-guest interactions. For instance, 2D nanoporous molecular layers are designed to direct the adsorption of guest species. In many cases, the 'voids' turn out to be ideal host sites (space confinement), although sometimes guest molecules adsorb on the host skeleton rather than in the voids (specific host-guest interactions). There are basically two different approaches for constructing such 2D nanoporous layers. The first approach is based on the self-assembly of intrinsically porous molecules, the so-called macrocycles (covalently built hosts). In the second approach, intrinsically nonporous molecules self-assemble into porous 2D patterns. Both approaches have advantages and disadvantages, which will be discussed below.
Covalently built hosts
Amongst the simplest host molecules are crown ethers, which have proven themselves as selective and strong binders of positively charged ions. Kunitake et al. 22 were the first to report on the host-guest binding properties of simple dibenzo-18-crown-6 molecules in an electrochemical STM (EC-STM), a setup in which two additional electrodes are employed to gain independent control over the electrochemical potentials of tip and sample. At the interface of a Au(111) surface and a 0.05 M H 2 SO 4 subphase, these molecules and their inclusion complexes with potassium ions were imaged with submolecular resolution. Interestingly, the STM images of the complex could be reversibly changed at different tunnelling conditions: upon decreasing the tunnelling current from 1.0 to 0.67 nA, the free crown ether hosts remained, but the bound potassium ions were no longer observed. Also in an EC-STM, tetra-crown ether-functionalised phthalocyanines were immobilised at the interface of Au(111) and 0.05 mM aqueous HClO 4 ( Fig. 4 ). 23 Extended domains of this molecule could be imaged, and high resolution STM images revealed that the square features corresponding to the large aromatic cores of the molecules were each surrounded by four bright spots, which correspond to the crown ether rings. After adding an aqueous solution containing 10 mM Ca 2+ ions dropwise to the subphase, only two of these bright spots remained visible along the diagonal of each molecule ( Fig. 4C ). It was proposed that the other two spots, which had turned dark in the STM image, corresponded to two crown ether rings in which Ca 2+ ions were complexed. The fact that only two and not four Ca 2+ ions were complexed by each phthalocyanine host is probably due to electrostatic repulsion: upon filling the remaining crown ether moieties, the bound Ca 2+ ions would get too close to the crown ethers of neighbouring hosts that already contained ionic guests ( Fig. 4D) . A remarkable observation was that when instead of a Au(111) surface a Au(100) surface was used in the host-guest experiments, no complexation of Ca 2+ ions was observed. This lack of capability to bind guests was attributed to a difference in crystallographic orientation of the Au-lattice underneath the monolayers of the phthalocyanine hosts.
Larger and more complex cavity molecules have also been used as hosts in self-assembled monolayers. The bowl-shaped calix [8] arene host shown in Fig. 5A has a cavity which is large enough to accommodate a C 60 fullerene guest molecule. 24 In EC-STM images of monolayers of the calix [8] arenes at the interface of Au(111) and aqueous 0.1 M HClO 4 , dark depressions are observed which can be associated with the cavities of the hosts (Fig. 5C ). Monolayers of the hosts with fullerene molecules bound in their cavities at the same interface showed similar patterns in the STM image, but bound C 60 guest molecules are now clearly identifiable as bright spots in the centres of the cavities (Fig. 5D ).
Both the cavities of covalent hosts and their rims can be used as scaffolds for guests, thus opening the way to the construction of 3D assemblies. Cyclo [12] thiophenes, fully conjugated thiophene oligomers, were found to self-assemble at a graphite surface into porous monolayers ( Fig. 6 ). 25 The molecules adopt a spider-like orientation that lifts their aromatic ring about 0.5 nm above that surface ( Fig. 6B ). When a solution of C 60 was added to such a monolayer, the fullerene molecules appeared to be occasionally captured within the cavities of the hosts, but they bound preferentially on top of the rim of the cyclo [12] thiophenes. 26 At those rims, their binding is better stabilised as a result of attractive donoracceptor interactions between the electron-rich thiophenes and the electron-poor fullerenes. Interestingly, only 1 : 1 complexes between the hosts and their guests were formed, although the aromatic ring of each cyclo [12] thiophene in principle offers multiple binding sites. The reason for the selective 1 : 1 complexation appeared to be a significant shifting of the HOMO of the underlying host towards the binding site when a fullerene was bound, thereby creating a dipole in the molecule which disfavours the complexation of additional guests. The dipole also influenced the binding properties of adjacent hosts, since due to their close proximity it created quadrupoles in these hosts which directed the binding of fullerenes at exactly the same locations.
Site-selective guest inclusion was demonstrated in networks of butadyine-bridged planar macrocycles at the graphite-liquid interface. 27 Whereas the pyridine-and benzene-based macrocycles ( Fig. 7A ) both formed porous networks at such an interface, only the former appeared to be capable of binding charged tropylium guests, visible as bright spots in the centres of the macrocycles, as a result of ion-dipole interactions (Fig. 7B ). This selectivity was further confirmed when mixed monolayers of both macrocycles were adsorbed. In the STM images, squares filled with bright spots, corresponding to pyridinophane-tropylium complexes, and darker square features, corresponding to the benzene-based macrocycles, appeared randomly within the monolayer domains.
Self-assembled hosts
An alternative to the use of covalently built host molecules is to generate hosts in situ by means of supramolecular self-assembly of small components. The self-assembly of discrete porous architectures in three dimensions is often far from trivial due to unpredictable entropic factors that can play a role when several components have to be brought together into one discrete and well-defined structure. However, at a surface or interface the self-assembling components can be confined to two dimensions, and this hampers or eliminates several degrees of translational and rotational freedom of the molecules. During recent years a variety of porous self-assembled monolayers have been created and imaged with STM, but in most cases under ultrahigh vacuum conditions. 28-30 A pioneering example of such a network, which is formed both under UHV and at liquid-solid interfaces, is based on the trimesic acid TMA building block (see Fig. 3 ). 15, 31, 32 At the interface of graphite and 1-heptadecanoic acid, such a network was used to host fullerenes. In the absence of TMA, these molecules do not form stable assemblies at the liquid-solid interface, but after their capture in one of the pores of the network, single C 60 molecules could be imaged ( Fig. 8A ) and even manipulated by temporarily increasing the tunnelling current from 70 to 150 pA whilst scanning. As a result the guest was displaced from one pore into the adjacent one ( Fig. 8B-D) . Only displacements over one cavity per manipulation were observed, and the process was popularised as molecular ''nanosoccer''. 33 Similarly, the flat aromatic molecule coronene (C 24 H 12 , see Fig. 11B ) has been captured in the porous network formed by TMA, and this guest could also be manipulated by the STM tip, in the sense that it could be removed from the cavities. 34 A derivative of TMA, 1,3,5-tris(10-carboxydecyloxy)benzene (TCDB) has three long aliphatic spacers between the core and the hydrogen-bonding functionalities. It also forms porous networks at graphite surfaces, in which two of the carboxylic acid groups of each molecule are hydrogen bonded to a neighbour to form a pseudo-rectangular pore, whereas the third carboxylic acid dimerises via hydrogen bonds with the carboxylic acid of a more distant TCDB molecule ( Fig. 9A-B ). 35 The pores of the network, which have a dimension of 2.3 Â 1.3 nm, were found to be good hosts for copper phthalocyanine (CuPc) and coronene. Whereas each of the pores only captured one CuPc guest, a mixed monolayer of TCDB and coronene showed different domains of networks in which each pore included either one or two coronene guests. The supramolecular nature of the network of hosts should in principle allow reorganisation of the molecules at the surface by breaking and reforming of the intermolecular hydrogen bonds between the carboxylic acids. Such a reorganisation was observed when instead of CuPc, the nonplanar guest vanadyl phthalocyanine (VOPc) was used. Upon adsorbing a mixture containing TCDB and VOPc (2 : 1) to HOPG at room temperature, a network was formed which predominantly filled each of its pores with two VOPc molecules ( Fig. 9C-D) . 36 Subsequent thermal annealing of the surface, by warming it gradually from room temperature to 90 C, gave rise to an expulsion of the VOPc dimers from the cavities. Concomitantly, the molecules of the host network reorganised into a differently arranged structure, containing pores to which only one VOPc guest returned. Upon annealing at 90 C for a longer time, the thermodynamically favoured network containing one VOPc per pore was obtained exclusively (Fig. 9E-F) . Close inspection of the STM images of the 1 : 1 complex, in combination with DFT calculations, revealed that in this case the two TCDB molecules forming a pore are connected by two dimers of hydrogen bonded carboxylic acid functionalities, whereas in the pores that contain two VOPc guests at lower temperature, only one of these dimeric interactions is retained. Extensive DFT calculations and STM studies of a series of 1 : 1 and 1 : 2 host-guest complexes between the TCDB network and phthalocyanine guests confirmed that a delicate balance between a large number of intermolecular interactions determines the overall stability and 2-dimensional structure of the resulting multicomponent monolayer. 37 Recently, the TCDB network has been applied as a template to organise ''supramolecular rectangles.'' 38 Whereas these molecules were found to form only disordered layers at graphite surfaces, 39, 40 in the presence of a TCDB network they were distributed over the surface as monodisperse entities as a result of their perfect fit within the pores. Related ''supramolecular squares'' with dimensions larger than the pores were not bound within the network, which highlights the substrate selectivity of the nanoporous surface.
2D honeycomb-like networks can also be formed exclusively by Van der Waals interactions between interdigitating alkyl chains. Alkyl-substituted annulenes have been shown to be excellent building blocks for building a variety of 2D networks at a liquid-solid interface. 41, 42 In addition, these networks were suitable for the binding of guest molecules. At the interface of graphite and 1,2,4-trichlorobenzene, annulene derivatives 1a and 1b formed extended monolayers containing pores with an ideal size to host flat aromatic molecules, such as coronene ( Fig. 10A-B) . At relatively high concentrations, 43 annulenes with longer alkyl chains, such as 1c and 1d, did not form porous networks, but instead they self-assembled into much tighter packed linear arrays. In the case of compound 1c, porosity could be induced by the addition of guest molecules, which reorganise the 2D monolayer structure and are selectively included therein. 44 This behaviour, which is reminiscent of induced-fit binding in natural and artificial hosts, has been demonstrated by the addition of a solution of coronene in 1,2,4-trichlorobenzene to a selfassembled monolayer of 1c on graphite. Dramatic changes in monolayer structure were observed and a honeycomb network was formed in which multiple coronene molecules could be included as guests. Apparently, the presence of these guests renders the honeycomb-like structure thermodynamically more favourable than the linear arrays. Molecular modelling and host-guest titrations (STM images 1-4 in Fig. 10C ) at the liquid-solid interface suggested that at most seven coronene guests could be included in one cavity surrounded by six annulene molecules 1c (Fig. 10D ). In addition to coronenes, other flat, planar guest molecules with large aromatic p-surfaces, such as phthalocyanines, could also induce reorganisation of the linear network formed by 1c into a honeycomb-like one. Small aromatic guests or non-planar ones did not display this effect, which highlights the remarkable substrate selectivity of the monolayer system. The structural transformation was explained by an energy gain resulting from molecule-substrate interactions between the physisorbed hosts and guests and the graphite surface, which overcomes the instability related to the presence of voids and the lower density of the host matrix when compared to densely packed linear structures. In contrast to the dynamic behaviour exhibited by 1c, the addition of coronene to a linear network formed by annulenes 1d-1f, molecule with even longer alkyl chains, did not induce the formation of a honeycomb-like network, nor were guest molecules co-adsorbed. In this case the adsorption energy of the molecule on the graphite surface and the energy involved with intermolecular van der Waals interactions is too high to be overcome by inclusion of the guests and the conversion into a porous network is unfavourable. Such a conversion though was recently realised by using larger aromatic guest molecules. 45 'Nanographenes' (Fig. 10E) , large guests with a high affinity for graphite, were found to convert densely-packed linear networks of even the annulene with the longest alkoxy chains (1f) into honeycomb-like networks, at low guest/host ratios. Giant pores with sizes up to 5.4 nm were observed and amounts of one up to maximal six nanographene guests could be trapped (Fig. 10F ). Because of the relatively weak intermolecular interactions between the interdigitating alkyl chains, the host network was capable of changing its structure in order to accommodate the guest clusters and, as a result of this flexibility, the number of guests bound in each cavity varies.
In related work in which network formation is governed by interdigitation of alkyl chains, a tri-stilbene derivative selfassembled into a porous 2D network at the interface between graphite and 1-phenyloctane ( Fig. 11A and C) . 46, 47 The pores, which had diameter of approximately 1.3 nm, were used as cavities for binding a series of flat aromatic guest molecules, which varied in shape and size (Fig. 11B ). All of these guests were found to bind in the surface cavities, and appeared as bright features in the STM images ( Fig. 11D-E) . Remarkably, when monolayers were studied in which not all the cavities were filled, the relatively smaller guests, such as coronene, BPL and BPP, were able to diffuse from one cavity to an adjacent one, whereas the perfectly fitting guest HBC did not display such dynamic behaviour. Statistical investigations in combination with variable temperature experiments revealed that the diffusion of the guests is a thermally activated process that occurs within the monolayer in two dimensions, and not simply an exchange between guests captured at the surface and guests dissolved in the subphase. The name '2D molecular sieve' was postulated, because only guest molecules with relatively small sizes were able to diffuse. The proposed diffusion mechanism was supported by experiments on dry layers under UHV, where similar dynamic movement of guest molecules appeared to take place.
Recently, a completely different type of network in which large aromatic guests can be captured was reported. An end-functionalised oligo(phenylene-ethynylene) (OPE, Fig. 12A ) formed porous self-assembled monolayers on graphite, which were characterised by bright strands corresponding to the conjugated backbones of the molecules, separated by dark areas where the alkyl chains had adsorbed. 48 The monolayer appeared to be an excellent template for the adsorption of coronene, which is bound on top of or in between the alkyl chains. By changing the ratio between the templating molecule and coronene, the distribution of the guest over the network could be precisely controlled. At a ratio OPE:coronene of 2 : 1, a 'one-by-one' distribution of the guest was observed, meaning that between two strands of the template one coronene molecule was bound ( Fig. 12B) . Similarly, a 1 : 1 ratio led to a 1 : 2 distribution, in which the coronene guests were organised in adjacent pairs (Fig. 12C) , and a 2 : 3 ratio gave a 2 : 1 distribution (Fig. 12D) . The same 2D porous monolayer was also capable of adsorbing tripeptides in its vacancies.
Considering the above-mentioned examples, it is clear that both approaches to constructing porous 2D surfaces for the binding of guest molecules, i.e. using preformed cavity-molecules or creating pores in situ by the self-assembly of smaller building blocks, can be quite successful. An important limitation of the covalent approach remains the time-consuming and generally complex synthesis of the cavity molecules. Moreover, the introduction of modifications into the molecules is often not straightforward. This is a major handicap when it comes to tuning the size of the pores. In contrast, the self-assembly approach makes use of small molecules that are in general relatively easy to synthesise and modify. On the other hand, a careful design of these building blocks is required so that they self-assemble into a desired and well-defined porous monolayer, and although supramolecular interactions are often quite predictable, other factors that can play a role during the selfassembly process, such as entropy and the influence of the solvent and the surface, are not always as easy to predict and control.
Molecular electronics at liquid-solid interfaces
In addition to STM being a unique tool to study the ordering of molecules on conductive surfaces down to the atomic level, it is also highly sensitive to the electronic signature of the surface and of the molecules adsorbed on them. This property is typically expressed when molecules containing both aromatic moieties and alkyl chains are imaged; because they conduct the tunnelling current better, the aromatic moieties generally appear brighter in the STM images than the alkyl chains. [49] [50] [51] As STM probes the local density of states (LDOS), it can be used as a spectroscopic tool to reveal the electronic properties of individual adsorbates or their supramolecular complexes with submolecular resolution.
Since the pioneering STM studies of conjugated poly(paraphenylene-ethynylene)s (PPEs) by Rabe and coworkers in 1999, 52 interest in investigating the electronic properties of (in particular) low molecular weight monodisperse oligomers has rapidly increased. For example, well-defined covalently linked donoracceptor-donor triads 2a, in which a central perylene diimide (PDI) acceptor is flanked by two chiral oligo(p-phenylenevinylene) (OPV) donor moieties, were adsorbed on the interface of graphite and 1-phenyloctane and imaged with STM ( Fig. 13) . 53 Because the molecules have oriented their molecular axes parallel to the interface, the extremely high spatial resolution that can be achieved by STM allows probing of the individual donor and acceptor moieties. The differences in electronic properties between these moieties appeared to be reflected in the STM images ( Fig. 13B) : at a strongly negative surface bias potential, the OPV parts of the molecule appeared much brighter than the central PDI unit. Upon further increasing the bias voltage to positive values, the PDI part gradually appears brighter, while at a strongly positive bias voltage the OPV parts are barely visible. The observations in the STM images were explained by considering the HOMO and LUMO energy levels of both donor and acceptor moieties, taking into account the absence of a strong electronic coupling between them. At negative bias voltage, the HOMO of the OPV moiety is close to the Fermi level of graphite and electrons tunnelling from the surface to the tip couple more strongly to this HOMO than to any other energy level. Likewise, at positive bias voltage the LUMO of the PDI unit is closer to the Fermi level of the tip than to any other states and hence affects to a greater extent the tunnelling from tip to substrate. As a result, in both cases, the respective moieties appear in the STM image as the brightest parts of the molecule. Similar rectifying behaviour 54 was observed for OPV-PDI hybrids that were not covalently linked, but self-assembled at a liquid-solid interface by means of hydrogen-bonded dimerisation. 55 As an extension of this work, triads containing PDI moieties with different substituents at their bay positions, which strongly influence their redox properties, were investigated. 56 At the interface of graphite and 1,2,4-trichlorobenzene, triads 2b (R ¼ H) and 2c (R ¼ Cl) (Fig. 13A ) exhibited similar biasdependent behaviour in their STM images as compound 2a. In order to quantify this bias-dependency, Scanning Tunnelling Spectroscopy (STS) measurements were performed at the liquidsolid interface. In STS-mode, the STM tip is positioned on a sample coordinate of choice, the feedback loop, which controls the distance between tip and sample according to a given tunnelling current set point, is deactivated, and a current-voltage (I-V) curve is recorded. A requirement for such a measurement is that the surface is stable. Although monolayers of 2b were stable over time, monolayers of 2c behaved rather dynamically, involving exchange of molecules from the surface to the liquid and vice versa. To solve this problem, mixed monolayers containing both 2b and 2c were constructed, in which the adsorbed molecules appeared to exchange only very slowly. In the STM images of these monolayers, the chloride-substituted triad 2c appeared much brighter than triad 2b, making them easily distinguishable. The I-V curves in the STS spectra of the alkyl chains were symmetric over both polarities of the bias voltage, and as expected, the STS spectra of the PDI-and OPV-parts of 2b in the pure and in the mixed monolayer exhibited diode-like curves, showing an inverse rectifying behaviour (Fig. 13C) . Whereas the I-V curve of the OPV moieties of triad 2c indicated similar diode-like behaviour as that observed for the same moieties of 2b, the PDI part of 2c displayed a large tunnelling current for both bias polarities which is indicative of diode-like but non-rectifying behaviour. The peculiar behaviour of the chloride-substituted triad suggests that the presence of these substituents can open alternative tunnelling paths.
Another research area dealing with the development of surfaces that display molecular electronics properties is the construction of nanoscale molecular wires and circuitry, which is of particular importance with respect to miniaturisation of electronic devices. 57, 58 In addition to the conventional materials used to construct nanoscale wires, such as metals or carbon nanotubes, bottom-up approaches in which organic molecules self-assemble into extended one-dimensional supramolecular nanostructures are considered being versatile alternatives. 59, 60 TTF derivative 3 was designed to self-assemble into 1D nanostructures and at the interface of graphite and 1-octanoic acid it formed patterns of equally spaced line structures (Fig. 14) . 61 Based on the STM images and molecular modelling, the molecules of 3 are closely arranged as a result of intermolecular hydrogen bonding, and slightly offset p-p stacking interactions between the aromatic TTF surfaces, which are 4.4 Å apart (Fig. 14D) . The presence of the amide functionalities is crucial in directing the TTF moieties to stack into columns. Quantumchemical calculations on the stacks indicated a strong interaction between the p-systems, resulting in large widths for the conductance and valence bands of the stacks, assuming that they are infinite in length. Such large bandwidths suggest that the stacks can be used for both electron-and hole-transport.
In a pioneering approach to develop a single-molecule chemical field-effect transistor (CFET), an electron-rich hexabenzocoronene (HBC) molecule covalently linked to six anthraquinone (AQ) electron acceptors was self-assembled at a liquid-solid interface. 62 In the STM image of a monolayer of this compound, 4, the HBC cores are clearly visible as bright spots, and they are surrounded by less bright spots corresponding to the AQ moieties ( Fig. 15 ). In STS experiments, the asymmetry of the I-V curves taken above the HBC cores indicated clear rectifying behaviour with larger currents at negative sample bias (Fig. 15D ), whereas the AQ moieties displayed rectifying behaviour at positive sample bias. When instead of neat 4, a 1 : 10 mixture of 4 and the donor 9,10-dimethoxyanthracene (DMA) was studied at the same liquid-solid interface, the STM image of the monolayer revealed a much larger unit cell in which, in addition to the spot corresponding to HBC, six spots corresponding to donor-acceptor charge-transfer complexes between AQ and DMA were observed (Fig. 15C) . The I-V curve above the HBC-moieties of 4 in this case was much more symmetrical than that of the previously observed I-V curve in the absence of DMA (Fig. 15D ). However, upon shifting the former curve to large sample bias by 0.12 V, followed by normalisation, a nearly perfect overlap was obtained. The observed effect is attributed to a relative shift between the Fermi level of the substrate and the molecular orbitals of the adsorbate as a result of the formation of a dipole at the interface. Because of the covalent connection of the CT complexes to the HBC core, the substrate work function is shifted by 0.12 V. This proof-ofprinciple system can thus be viewed as a prototype CFET, based on a single molecule with an integrated nanometre-sized gate (Fig. 15E ).
Reactivity at liquid-solid interfaces
At the heart of chemistry has always been the study of chemical reactions, and over the past decades numerous analytical tools have been developed to elucidate reaction mechanisms. Conventional techniques such as NMR, UV-vis spectroscopy and mass spectrometry are all very useful, yet they have the important limitation that they measure ensembles of millions of molecules at the same time and thus give only an average picture of a reaction mechanism. Such a picture can be incomplete and might be misleading, because certain molecules might react whilst others are inactive. Recently fluorescence microscopy has been applied to monitor, by single turnover counting, chemical reactions carried out on crystal facets 63 and by enzymes on a surface. 64, 65 The importance of studying chemical reactions at a surface has very recently been recognised by Ertl being awarded the Nobel Prize in chemistry. As part of this research he has explored in detail molecular mechanisms for the catalytic synthesis of ammonia over iron and the catalytic oxidation of carbon monoxide over palladium. Amongst others [66] [67] [68] he was also one of the pioneers to study such dynamic processes by imaging them using STM. 69 A variety of elementary chemical reactions have been investigated using STM, as well as more sophisticated ones in which the breaking and formation of chemical bonds, in some cases induced by the STM tip, is imaged in real-time and -space. [70] [71] [72] Nearly all of those reactions were carried out under extreme conditions, such as UHV, high pressure, or ultra-low temperature. However, such conditions are far removed from the environments in which chemical and biological reactions usually take place, i.e., in a liquid under ambient conditions. So far, only a limited number of examples have been reported in which a chemical reaction was studied with STM under ambient conditions. Let us start with a metal-ligand complexation reaction at the liquid-solid interface. A 4,4 0 -bipyridine derivative, which contains two long aliphatic chains to ascertain strong adsorption to a HOPG surface, self-assembled into extended lamellar arrays at the interface between HOPG and 1-phenyloctane ( Fig. 16 ). 73 When a droplet of a solution containing Pd(OAc) 2 in 1-phenyloctane was placed on top of this monolayer, a spontaneous change in molecular organisation was observed in situ. The angle between the alkyl chains and the lamellar axis changed, while simultaneously the lamellar distance decreased, indicating that interdigitation of the alkyl chains occurred. In addition, as a result of the accommodation of the Pd(OAc) 2 moieties between the molecules upon their complexation to the bipyridine ligands, the distance between the molecules within the lamellae increased from 6.9 to 9.4 Å . In closely related work a slightly different bipyridine ligand was coupled to PdCl 2 . 74 In this case, two discrete reorganisation steps of the monolayer could be monitored in real-time, first a loss of interdigitation of the alkyl chains, which was followed by a structural rearrangement of the molecules within the lamellae. Note that a reaction as such does not necessarily take place on the substrate. It is more likely that bipyridine ligands in the solution phase react prior to the ones adsorbed on the substrate. Reaction product accumulates in the solution phase and due to a concentration gradient, non-reacted reagent will desorb and the reaction product will adsorb. This is in contrast with pioneering work in the late 1990s involving the topochemical polymerisation of diacetylene compounds at the air-solid and liquid-solid interface, using the STM tip or an external stimulus such as light as the initiator of the reaction. 75, 76 This approach strongly relies on a careful preorganisation of the monomers at the interface, with their reactive groups positioned in close proximity in the desired orientation. In related work cinnamate derivatives physisorbed on HOPG were subjected to a light-induced [2 + 2] photodimerisation, resulting in a change in monolayer structure and tunnelling contrast. 77 A more recent example of a polymerisation involved the controlled polymerisation of aniline at the liquid-solid interface of Au(111) and an aqueous 0.1 M H 2 SO 4 solution, which was carried out in an EC-STM ( Fig. 17) . 78 Upon increasing the potential applied to a surface, on which a monolayer of aniline molecules was present, from 0.9 to 1.05 V, an oxidative polymerisation was induced which caused a drastic change in the surface topography: elongated linear polyaniline chains with lengths up to 50 nm were formed. The length of the lines suggested that they consisted of approximately 100 monomers of aniline. Remarkably, the polymerisation process appeared to be strongly anisotropic, because a distinct preferential and unprecedented alignment of the polyaniline chains in the <121> direction of the Au(111) surface was observed. Magnifications of the lines revealed their internal structure as a zig-zag ordering of head-to-tail connected monomers within the polymer chains.
Recently, for the first time a multi-step oxidation reaction, in which manganese porphyrin catalysts were adsorbed at a liquidsolid interface of Au(111) and n-tetradecane, was imaged in situ with an STM equipped with a liquid cell and a bell-jar ( Fig. 18 ). 79 Upon adding molecular oxygen (O 2 ) to the bell-jar it was observed that a reaction occurred with the bound catalysts, of which the apparent height increased by a factor of 3 ( Fig. 18C , middle image). Statistical analysis of the STM images revealed that there was a high abundance of pairs of adjacent catalysts that had reacted with O 2 , which led to the suggestion that each molecule of O 2 had dissociated in a homolytic fashion, thereby distributing both its oxygen atoms over catalyst neighbours. The observed reaction of the manganese porphyrins with O 2 was surprising, because in n-tetradecane solution these catalysts were found to be completely inert. It was therefore proposed that their adsorption to the gold surface played an essential role in activating them to react with O 2 . For such a reaction to occur, generally a reduction of the manganese centre in the porphyrin from Mn III to Mn II is required. In situ surface reflection UV-vis measurements at the liquid-solid interface suggested that, upon adsorption of the catalysts to the surface, such a reduction indeed took place, and that is was accompanied by an elimination of the chloride axial ligand (Fig. 18B ). Reflectance UV-vis measurements confirmed the presence of porphyrin Mn IV ]O species after the reaction of the surface-bound catalysts with O 2 . It was concluded that their adsorption to a surface must also play an essential role in the homolytic dissociation of O 2 , because the occurrence of such a mechanism had previously only been observed under extreme conditions (high pressure and temperature). Because it is well known that porphyrin Mn IV ]O species are excellent catalysts for the epoxidation of alkenes, the catalytic surface was used in a subsequent reaction step in the epoxidation of an alkene, which was added to the liquid subphase ( Fig. 18B) . At the moment that this alkene, cis-stilbene, arrived at the liquidsolid interface, the number of oxidised manganese porphyrin catalysts instantaneously decreased, suggesting that they transferred their oxygen atoms to the alkene (Fig. 18C, right image) . Gas-chromatographic analysis on a sample taken from the liquid cell after 4 days proved that indeed a considerable amount of cis-stilbene epoxide had been formed.
Conclusions and outlook
Since the invention of scanning tunnelling microscopy about 25 years ago, it has become almost a standard technique in many laboratories. An absolutely thrilling aspect is that it was soon realised that STM could be useful for more than just looking at atomic detail on surfaces under UHV conditions. The simplicity of the key operational principle opened the doors to exploring different systems and environments, such as the liquid-solid interface. Though a lot still needs to be explored as far as the architectural aspects of these physisorbed self-assembled layers are concerned, research efforts have shifted to designing more complex and functional surfaces. An exciting development is the real-space and -time exploration of chemical reactions at liquidsolid interfaces where substrates can even affect the outcome of the reaction path. A steadily growing number of scientists appreciate the opportunities which self-assembly at liquid-solid interfaces brings, a trend which promises this research field a bright future.
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